During chemolithoautotrophic thiosulfate oxidation the phylogenetically-diverged proteobacteria Paracoccus pantotrophus, Tetrathiobacter kashmirensis and Thiomicrospira crunogena rendered steady enrichment of 34 S in the end product sulfate, with overall fractionation ranging between -4.6‰ and +5.8‰. Fractionation kinetics of T. crunogena was essentially similar to that of P. pantotrophus, albeit the former had a slightly higher magnitude and rate of 34 S enrichment. In case of T. kashmirensis, the only significant departure of its fractionation curve from that of P. pantotrophus was observed during the first 36 h of thiosulfate-dependent growth, over which tetrathionate-intermediate formation is completed and sulfate production starts. Almost identical 34 S enrichment rates observed during the peak sulfate-producing stage of all the three processes indicated the potential involvement of identical S-S bond-breaking enzymes. Concurrent proteomic analyses detected the hydrolase SoxB (which is known to cleave terminal sulfone groups from SoxYZ-bound cysteine S-thiosulfonates as well as cysteine S-sulfonates in P. pantotrophus) in the actively sulfate-producing cells of all three species.
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Lithotrophic sulfur oxidation is an ancient metabolic process carried out by ecologically as well as taxonomically diverged prokaryotes via apparently distinct sets of enzymes and electron transport systems (1) . Sulfur lithotrophs exhibit differential abilities to utilize different reduced sulfur compounds as substrates, in addition to which the efficacy of energy conservation from the same sulfur substrates by different organisms (at their respective pH and temperature optima) also varies considerably (2) . Thiosulfate (S 2 (2) (3) (4) (5) . Although a few alphaproteobacteria can oxidize tetrathionate as a starting substrate, none of them form tetrathionate during thiosulfate oxidation (6) (7) (8) .
The mechanistic multiplicity of chemolithotrophic sulfur oxidation notwithstanding, sox gene homologs are phylogenetically widespread in the domain Bacteria, even though they are completely missing in Archaea (9, 10) . Although the presence of sox genes in several species from a wide variety of bacterial lineages insinuates their ancient and conserved status, it is only in certain facultatively lithotrophic alphaproteobacteria that the Sox multienzyme system has been proven functionally fundamental (8, (11) (12) (13) . As such, the model Sox complex of Paracoccus pantotrophus -comprised of SoxXA (both c type cytochromes), SoxYZ (covalently sulfur-binding, and sulfur compounds chelating, proteins respectively), SoxB (sulfate thiol esterase) and Sox(CD) 2 (a unique sulfur dehydrogenase) -directly oxidizes thiosulfate, sulfite, sulfide and elemental sulfur, but not tetrathionate, to sulfate (SO 4 2- ) (2, 14) . In all these oxidations the Sox complex covalently binds the substrate via a cysteinyl residue and oxidizes sulfone as well as sulfane sulfur atoms to sulfate by transferring electrons to c-type cytochromes without the formation of any free intermediate (2, 11, 14) . In case of thiosulfate, the SoxXA heterodimer oxidatively couples the sulfane sulfur atom to a SoxY-cysteinesulfhydryl group of the SoxYZ complex from which the terminal sulfone group is released by SoxB (12, (15) (16) (17) . The sulfane sulfur upon the residual SoxY-cysteine persulfide is then oxidized to cysteine-S-sulfonate by Sox(CD) 2 from where the sulfonate moiety is again hydrolyzed by SoxB, thereby regenerating SoxYZ (14) .
Outside Alphaproteobacteria, only the truncated Sox systems (SoxXAYZB) of the photolithotrophs belonging to Chromatiaceae (18) and Chlorobi (19, 20) , and perhaps also that of the chemolithotroph Thiobacillus denitrificans (21) , unequivocally oxidize the sulfone sulfur, but not the sulfane sulfur atom, of thiosulfate. This partial handicap is apparently attributable to their want of soxCD genes (1) . As such, these organisms employ reverse-acting sulfatereducing systems to oxidize sulfane sulfur species (22, 23) . For other non-alphaproteobacterial lithotrophs, inferences regarding the involvement of sox homologs in relevant sulfur oxidation processes are solely based on genomic identification of the coding sequences, homology analysis, and citation of reference to the roles of alphaproteobacterial prototypes (24) . Beyond that no mutational, proteomic or transcriptomic data is available to authenticate such putative attributions, which become all the more questionable because many sox gene-containing bacteria have no sulfur oxidation phenotype at all (1, 10) . Moreover, while appraising the potential roles of sox clusters in non-alphaproteobacterial sulfur lithotrophs it would be pertinent to remember that many of these loci are products of horizontal gene transfer (9, 10, 25) . Their components have not coevolved parallel to each other but assembled from diverged lineages to form mosaic sox clusters (10) . Now, paralogous copies of genes like sox are unlikely to render their typical enzyme functions immediately upon incorporation into new genomes because Sox proteins require extensive mutual coordination to render the modular Sox pathway (1, 10) . As such, novel/modified gene functions in many of those mosaic sox homologs is not unexpected (10) because paralogous genes, over prolonged evolution in new genomic contexts, are known to accumulate large number of mutations which under appropriate selection conditions often give rise to diverged gene families (26) .
In view of the uncertainties noted above, we decided to explore whether nonalphaproteobacterial sulfur chemolithotrophs possessing intact sox loci in their genomes do oxidize thiosulfate by mechanisms comparable to the Sox pathway [now referred to as the Kelly-Friedrich pathway (1, 17)] epitomized in Paracoccus pantotrophus (2, 14) . As such, for the current investigation we selected two well-studied atypical sox-bearing organisms, viz., the betaproteobacterium Tetrathiobacter kashmirensis [recently reclassified as Advenella kashmirensis (27) ] and the gammaproteobacterium Thiomicrospira crunogena. The former oxidizes tetrathionate directly to sulfate even as its thiosulfate oxidation proceeds via tetrathionate formation (4, 28) . T. crunogena, on the other hand, oxidizes thiosulfate to sulfate by depositing elemental sulfur globules outside the cell under low pH and oxygen conditions, besides transiently accumulating sulfite and polythionates as products of thiosulfate and sulfur oxidation (29) . The molecular bases of these unique physiologies are not fully resolved and evidence for the involvement of sox genes in these processes does not go beyond genomic data (30, 31) .
Any biotic or abiotic transformation of a natural substance has a measurable and characteristic effect on the isotopic composition of the elements (below mass number 66) constituting that substance (32) . Relative abundance of the stable isotopes of such elements in the product(s) varies from that in the substrate due to mass-dependent fractionations during the transformation. Lighter isotopes are generally enriched in reaction products with associated fractionation because their bonds are more labile due to partitioning of more of the total bond energy into vibrational, rather than translational, modes (33) . Composition or abundance of stable isotopes (δ) in any sample is expressed as per mil (‰) difference between the ratio of the rare (heavy) and the common (light) isotope in the sample and the same in the global standard. In the present study we first utilized the stable sulfur isotope ( 34 S and 32 S) discrimination potentials of the thiosulfate-oxidizing enzyme systems of T. kashmirensis and T.
crunogena -in comparison with that of the prototypical Sox system of P. pantotrophus -to verify whether the apparently distinct phenotypes at all had any mechanistic commonality.
These experiences were followed up with proteomic investigations primarily aimed at the identification of potential Sox proteins during thiosulfate oxidation by T. kashmirensis and T.
crunogena.
MATERIALS AND METHODS
Bacterial strains, media and growth conditions. P. pantotrophus LMG 4218 and T. When grown in MST medium P. pantotrophus oxidized 80-85% of the supplied thiosulfate directly to sulfate (which was equivalent to ~32 µg atoms of S ml -1 ) over an incubation period of 48 hrs. Cessation of growth coincided with decrease of pH of the spent medium to 5.5 even as 15-20% thiosulfate remained unutilized (Fig 1, panel A1 ). In the first 8 hrs of incubation there was no detectable oxidation of thiosulfate, or for that matter acidification of the medium. Subsequently, when sulfate was first detected in the medium it was found to be depleted in 34 S with a fractionation of +5.8‰ in comparison to the substrate thiosulfate (Fig 1,   panel A2 ). However, on further incubation abundance of 34 S increased in the end product sulfate and eventually, when 80-85% of the supplied thiosulfate was completely oxidized, an enrichment of 34 S corresponding to a fractionation of -1.8‰ was recorded in the produced sulfate (Fig 1, panel A2 ).
When grown in MST medium T. kashmirensis also completely oxidized 80-85% of the supplied thiosulfate in more or less the same time as P. pantotrophus (Fig 1, panel B1 Starting from after 36 h till the end of chemolithotrophic growth there was steady enrichment of 34 S in the end product sulfate in a manner almost identical to the fractionation kinetics of P.
pantotrophus (Fig 1, panel B2 ). While the initial difference in the fractionation pattern of T.
kashmirensis could be linked to its distinct step involving tetrathionate, the pronounced similarity observed in the second leg could be indicative of the involvement of Sox in the oxidation of the intermediary tetrathionate. It is further noteworthy that during growth in MSTr,
T. kashmirensis also rendered a gradual enrichment of 34 S in the product sulfate in comparison to the δ 34 S value (3.2‰ VCDT) of the tetrathionate salt provided as substrate. As such, the kinetic pattern of 34 S fractionation (∆ tetrathionate-sulfate ) observed during tetrathionate oxidation (Fig   1, panel C2 ) was apparently similar (within the observed error limits of the experimental data)
to the fractionation trend observed during the second leg of the thiosulfate oxidation process (Fig 1, panel B2 ).
Rate of thiosulfate oxidation in T. crunogena was much faster than P. pantotrophus or T. kashmirensis (Fig 1, panel D1 kashmirensis the molecular identity of the enzymes rendering the relevant S-S bond breaking reactions is still unclear. As such, it was considered imperative to proteomically explore
whether SoxB was at all expressed during the peak sulfate production phase of thiosulfate oxidation by the latter two species.
The Sox system of P. pantotrophus is known to oxidize thiosulfate in the periplasmic space (14) . The translated sox gene products of T. crunogena (including the putative SoxB)
could also be predicted [by the web-based software utilities CELLO, version 2. kashmirensis. On top of this, at-least two putative soxB homologs, locus tags TKWG_14010 and TKWG_08995, are present in the T. kashmirensis genome (CP003555), out of which the former is plausibly non-periplasmic. Hence, proteomic investigations for T. kashmirensis were performed upon total cellular protein extracts, even as we isolated the total periplasmic protein content of P. pantotrophus and T. crunogena to check the expression of soxB. Reproducibility of all proteomic data was checked by three independent experiments.
SoxB was detected in the system during the peak sulfate producing phase of all the three thiosulfate oxidation processes (Fig. 2) . In case of P. pantotrophus ( Fig. 2A) and T. kashmirensis ( Fig. 2B & Fig. 3 ) SoxB spots were unique to MST-grown cells (i.e., absent during growth in MSD) recovered after 36h and 40h of incubation respectively. This indicated that the soxB gene in either organism was thiosulfate-inducible. In contrast to the two facultative sulfur-oxidizers, a chemoorganoheterotrophic control was not possible for the obligate chemolithoautotroph T. crunogena, where sox gene expression could well be constitutive in nature (31) . As such SoxB was identified in T-ASW-grown cells alone, after 10h
as well as 14h of incubation (Fig. 2C) . This was the first direct experimental proof of the participation of Sox in the thiosulfate oxidation process of T. crunogena.
It has been reported earlier (29) that below pH 7, T. crunogena produces sulfur globules from thiosulfate, and consume those globules above pH 7. This switch in metabolism is said to be immediate and reversible upon titration of the culture. Corroborating those reports, present batch cultures of T. crunogena also deposited elemental sulfur with increasing acidification of the medium. The precipitate became visible to the naked eye after 12 h of growth and could be quantified then on (Fig 1, panel D1 ). Since we did not titrate the batch cultures back to pH >7, the sulfur globules remained unutilized in the spent media and could be extracted at the end of the growth. The accumulated sulfur was found to be twice more enriched in 34 S (having a δ 34 S value of +17.8‰ VCDT) than the sulfate (having a δ 34 S value of +8.5‰ VCDT) produced at the end of the process. It has been suggested earlier that the sulfur deposited during thiosulfate oxidation by T. crunogena could be the sulfane sulfur atoms (13) which failed to get further oxidized due to the ineffective interaction of its discretely-evolved SoxCD with SoxYZ and SoxB (10). However, there has so far been no experimental verification whether SoxCD is at all synthesized during thiosulfate oxidation by T. crunogena. We found both SoxC and SoxD peptides to be present in the periplasm of T. crunogena (Fig. 2C ) after 10h as well as 14 h of growth in T-ASW, i.e., during as well as after the completion of the oxidation process. This observation, in conjunction with the earlier data, suggests that the supposed structural anomalies of the discretely-evolved SoxCD of T. crunogena that purportedly obstructs its interaction with SoxYZ and/or SoxB (10) plausibly get accentuated at low pH.
Notably again, inducible expression of soxB during the second leg of thiosulfate oxidation by T. kashmirensis essentially implicated tetrathionate as a Sox substrate. As such, to verify the contention that SoxB could be involved in tetrathionate oxidation by this bacterium, we recovered MSTr-grown cells after 24h of incubation and subjected the total protein extract to 2-D gel electrophoresis and MALDI-MS/MS analysis. As expected, SoxB synthesis was found to be induced during growth on MSTr relative to MSD (Fig. 3) , thereby reiterating that SoxB was involved in tetrathionate oxidation. To unequivocally illustrate the differential synthesis of SoxB in T. kashmirensis, images of SoxB-specific regions of the gels obtained from three separate sets of growth experiments on MSD, MST and MSTr have been documented in Fig. 3 .
All the above discussed MALDI-based protein identification data are given in Table 1 where the number of matched peptides, percentage of the putative amino acid sequence length covered in peptide mass fingerprinting (MS), corresponding specific NCBI protein IDs and significance scores have also been indicated. In all the above cases of protein identification at-least two matched peptides from the relevant MS spectra were cross-checked by MS/MS ion search.
DISCUSSION
Most of our knowledge on microbial sulfur isotope fractionation pertains to the reductive processes (33, (42) (43) (44) and, to some extent, disproportionation reactions (45, 46) . Those data have also been successfully extrapolated on natural (geological) samples to elucidate topics like the ancient biogeochemical history of the Earth and its atmosphere, sulfur cycles of anoxic sediments, geobiological dynamics of sulfide-ore formation etc. But so far as the oxidative half of inorganic sulfur metabolism is concerned there is an acute dearth of stable isotope-related information with very few organisms being investigated so far ( are minor end products, significant 34 S depletion and enrichment in the yielded SO 4 2-and S x O 6 2-respectively have been reported (44) . Notably however, in such processes, the main product S 0 allegedly showed negligible fractionation compared to the original S 2- (33, 44) .
In this scenario, the present study is the first report of significant 34 S fractionation by model chemolithotrophic bacteria, which render complete oxidation of reduced sulfur species like thiosulfate or tetrathionate to sulfate. The overall isotope enrichment pattern emanating from the different time-course experiments ( Fig. 1) (14), even as soxB mutation in the alphaproteobacterium Pseudaminobacter salicylatoxidans KCT001 reportedly abolished tetrathionate oxidation (6, 8) . In the present study it was again interesting to observe that for clearly indicated that there is more to tetrathionate oxidation than SoxB alone. Classical genetic data would be crucial in ascertaining the functions of all these thiosulfate-and/or tetrathionate-induced proteins, and SoxB as well. Now that a well-developed shuttle vector system for complementation study is in place for T. kashmirensis (49) , the logical next step would be to generate knock-out mutants for all these genes and follow the resultant sulfur oxidation phenotypes. in the range of -4 to -5 but in the second half of the process fractionation of around +5 was noted; thus the overall fractionation was considered to be nil. # Under photoheterotrophic conditions sulfide is only converted to elemental sulfur. $ But under photoautotrophic conditions the intermediary elemental sulfur is converted to sulfate. ** Thiobacillus concretivorus was once listed as a distinct species in Bergey's Manual of Determinative Bacteriology but was later recognized as a member of Thiobacillus thiooxidans (1) . © Minor products of the same reaction where sulfide is mainly converted to elemental sulfur. ∆ Thiobacillus versutus is now known as Paracoccus versutus (1) . 
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